Junction-based lamellipodia drive endothelial cell rearrangements in vivo via a 1
also shuffle positions within an angiogenic sprout 10 and these cellular rearrangements 66 require the junctional adhesion protein VE-cadherin/CDH5 [11] [12] [13] . Moreover, in vivo 67 analyses in avian and fish embryos have shown that endothelial cells can migrate within 68 patent blood vessels emphasizing that regulation of endothelial cell adhesion and 69 motility is critical during vascular remodeling processes 6, 7, 14 . 70
71
Although many aspects of sprouting angiogenesis and vascular remodeling rely on 72 endothelial cell interactions 3 , the exact role of endothelial cell junctions (and in 73 particular that of VE-cad) in these processes is not well understood. Indeed, rather than 74 supporting an active function for VE-cad in dynamic cell behaviors, most studies point 75 to a restrictive or permissive role, consistent with the maintenance of endothelial 76 integrity [15] [16] [17] . On the other hand, the observation that loss of VE-cad function can 77 inhibit cell rearrangements suggests an active contribution to this process 12, 13 . 78 79 were transformed to a multicellular configuration before 40 hpf ( variability between individual segments. During this time window, the endothelial cell-118 cell junctions expanded extensively from initial spot-like structures to elongated 119 junctions covering the entire DLAV segment. However, movement of the junctions was 120 also seen in perfused vessels. The cellular rearrangements are thus occurring both in 121 nascent non-lumenized vessels and also inflated, perfused vessels. 122
123

The thickness of remodeling junctions is polarized 124
When we analyzed cell-cell junctions in the DLAV of VE-cad-Venus embryos in more 125 detail, we observed that the junctions were not uniform in thickness along their 126 circumference in unicellular vessels. In medial regions, the junctions were thicker and 127
showed a more diffuse pattern than on the lateral sides ( Fig. 1E and I ), coinciding with 128 the general direction of endothelial cell movements during anastomosis. In contrast, we 129
did not observe such junctional polarity in multicellular vessels (Fig. 1I) . We confirmed 130 which is consistent with the increased junctional thickness of medial junctional 146
domains. 147 148
To test whether this dynamic junctional behavior is restricted to the process of 149 anastomosis or is a more general behavior, we further analyzed the F-actin fluctuations 150 during junctional remodeling in the dorsal aorta. Here, we found that the relative 151 intensity of EGFP-UCHD was increased at the site of forming protrusions (Fig. 3A,  152 Supplemental Movie 4), indicating recruitment of additional F-actin. We further 153 analyzed the dynamic behavior of junctional F-actin using kymographs (Fig. 3C, D)  154 and found that the fluctuations in intensity occurred in rather rhythmic patterns, and at 155 the same junctional site, protrusions were generated repeatedly with in regular intervals, 156 indicative for oscillations in F-actin intensity in the remodeling junction. 157
158
The polarized occurrence and directionality of protrusions along the direction of vessel 159 growth suggests that they are involved in endothelial cell movements. To address this, 160
we analyzed the potential association between local junctional movements and the 161 occurrence of F-actin protrusions in the dorsal aorta ( Fig. 3C and D) . Analysis of F-162 actin intensities showed that higher intensities were associated with local forward 163 movement of junctions than with reverse movement (Fig. 3E) . 164 lamellipodia, their oscillating behavior and structural connection with endothelial cell 168 junctions, we call these protrusions junction-based lamellipodia or JBL. 169 is associated with an elongation of their mutual cell junction. The formation of JBL at 173 the junctional poles suggested that these dynamic structures may generate tractive 174 forces, which contribute to junction elongation. However, cell junctions demarcate the 175 interface between two cells and our above analyses did not differentiate, whether cells 176 form JBL at their respective junctional front or rear ends or both. To analyze the 177 contributions of individual cells to F-actin protrusions, we generated a transgenic 178 zebrafish line expressing a photoconvertible mCLAV-UCHD in endothelial cells. For 179 mosaic analysis, we photoconverted UCHD-mCLAV in single SeA sprouts prior to 180 contact initiation and recorded the behavior of the junctional F-actin during 181 anastomosis and formation of the DLAV (Fig 4A) . In vivo photoconversion resulted in 182 efficient green-to-red conversion (Fig. 4B) , allowing the analysis of differentially 183 labeled F-actin during DLAV formation ( Fig. 4C and D) . This analysis confirmed that 184 the JBL are F-actin containing protrusions. Furthermore, each intercalating cell formed 185 a single JBL at the front end of the junction with respect to cell movement (green JBL 186 over red cell, or vice versa, 24 out of 28 events, p < 0.001). To separate the temporal 187 order of cell interactions more clearly, we compared the dynamic distribution of F-actin 188 at a single JBL in both contacting cells: the "donor cell", which generates the JBL, and 189 the "recipient cell", which provides the adhesive substrate for the JBL. The JBL 190 originated as a F-actin protrusion at the front end of the "donor" cell ( EGFP-ZO1 and VE-cad-Venus) (Fig. 5A-B and C-D, respectively; Supplemental 205 movies 5 and 6). Both VE-cad-Venus and EGFP-ZO1 followed the junctional F-actin 206 front (11 and 9 movies analyzed, respectively); however, a different distribution pattern 207 was observed during JBL formation. VE-cadherin localized diffusely at the front, 208 largely overlapping with the F-actin protrusions (Fig. 5B, 60 to 120 sec.). In contrast, 209
EGFP-ZO1 showed a more defined localization and initially remained associated with 210 the junction at the proximal end of the protrusion (Fig. 5D 0 to 36 sec.). However, at 211 later time points (Fig. 5D , 72 sec.), we observed EGFP-ZO1 accumulation also at the 212 front edge of the JBL, indicating the formation of a new junction at this site (Fig. 5D) . 213
214
To directly differentiate the distribution of VE-cadherin and ZO1, we injected 215 mCherry-ZO1 encoding plasmid into VE-cad-Venus transgenic embryos. The 216 differential localization of both proteins confirmed our previous observations and 217
showed that Zo1 distribution is largely restricted to cell junctions. In contrast, VE-cad 218 was also found within areas outside of these junctions (Fig. 5E) . Therefore, the 219 respective distribution of Zo1 and VE-cad represent different aspects of JBL formation 220 and illustrates a stepwise mechanism of JBL function. First, F-actin based JBL emanate 221 from EC junctions, which are maintained. The JBL contains diffusely distributed VE-222
cad. This population of VE-cad precedes formation of the new junction in front of the 223 JBL and may therefore provide adhesive properties for the JBL prior to formation of 224 the new junction. Interestingly, a gradual movement of the old junction towards the 225 new junction was observed in the EGFP-ZO1 movies (Fig. 5D ). This indicates that the 226 proximal junction is not resolved in situ, but is actually pulled forward and eventually 227 merges with the distal junction. 
VE-cadherin/F-actin interaction is required for JBL function 250
Next, we wanted to explore the role of VE-cad in JBL function, because several lines 251 of evidence suggested that VE-cad may play an important role in this process. 252
Previously, we have shown that ve-cad (cdh5 gene in zebrafish) null mutants have 253 defects in endothelial cell and junction elongation during sprout outgrowth and that this 254 phenotype can be copied by the inhibition of F-actin polymerization 13 . Furthermore, 255 our findings that VE-cad accumulates in JBL prior to junction formation suggests a 256 functional interaction between VE-cad and F-actin during junction elongation. To 257 address this possibility, we generated a targeted mutation in ve-cad (ve-cad 258 ubs25 /cdh5 ubs25 ), which results in deletion of a portion of the cytoplasmic domain of VE-259 cad including the ß-catenin binding site, which is essential for VE-cad/F-actin 260 interaction ( Figure S3 ). In homozygosity, this truncation leads to vascular defects 261 similar to those of ve-cad null mutant, albeit these phenotypes were somewhat milder 262
( Figure S3 and data not shown). In particular, the dorsal aorta was formed quite 263 normally and we observed blood flow in the DLAV in a subset of ve-cad ubs25 embryos 264 (data not shown). This suggests that the extracellular domain of VE-cad is sufficient to 265 mediate some interendothelial adhesion, which leads to a hypomorphic phenotype. 266 Nevertheless, with respect to SeA formation, we observed the same phenotypes as 267 previously reported for null mutants 13 , including tip/stalk cell dissociation and 268 junctional gaps ( Figure S3E-N 
and data not shown). 269
To assess the requirement for VE-cad/F-actin interaction for JBL formation, we first 270 examined whether the junctional rings of ve-cad ubs25 mutants displayed polarized 271 thickness during anastomosis. Immunofluorescent staining for ZO-1 revealed that 272 medial junctions of mutants were narrower compared to heterozygotes, while the 273 thickness of the lateral sides was not affected (Fig. 6E, F) . We then tested whether the 274 Rac-1 GTPase activity indicates that these protrusions share a functional basis with 300 "classical" lamellipodia. However, and in contrast with "classical" lamellipodia, the 301 protrusions, which we are describing, emanate from interendothelial cell junctions and 302 require VE-cad for adhesion and force transmission. 303
304
Several studies have emphasized the importance for VE-cadherin in dynamic 305 endothelial cell interactions including cell rearrangements 11,12 and cell elongation 13 . 306
Here, we show that VE-cadherin can actively contribute to these cell movements via its 307 interaction with the F-actin cytoskeleton. Our model suggests that VE-cadherin 308 provides an extracellular clutch, by generating an intercellular adhesion patch, which 309 serves as a counterfort for intracellular actomyosin contractions. This cell-cell 310 interaction may be analogous to integrin-ECM based adhesion patches of classical 311 lamellipodia. Furthermore, these VE-cadherin adhesion complexes give rise to a distal 312 junction with an underlying F-actin arc. Similar F-actin arcs have been described to be 313 essential for the function of lamellipodia during migration of human endothelial cells 314 We therefore envision that JBL may underlie many morphogenetic endothelial cell 334 behaviors during blood vessel expansion, normalization, regression and endothelial 335 shear stress response. Remodeling 
Generation of Tg(UAS:mRuby2-UCHD) ubs20 and Tg(UAS:mClav2-UCHD) ubs27
355
The EGFP sequence of pT24xnrUAS:EGFP-UCHD 13 was replaced by the sequence of 356 mRuby2 (amplified from pcDNA3-mRuby2 was a gift from Michael Lin; Addgene 357 plasmid #40260) 28 or by the sequence of mClav2 (amplified from pmClavGR2-NT; 358
Allele Biotechnology) to generate the final plasmids pT24xnrUAS:mRuby2-UCHD 359 and pT24xnrUAS:mClav2-UCHD respectively. These final plasmids were injected 360 individually, together with tol2 RNA into Tg(fli1a:gal4ff) ubs3 embryos. 361
362
Transient expression of mCherry-ZO1 in zebrafish embryos 363
To transiently express mCherry-Zo1 in endothelial cells of zebrafish embryo, 364 approximately 50 pg of plasmid fli1ep:mCherry-ZO1 29 was injected together with 365
Tol2-transposase mRNA into 1-4 cell stage embryos (Tg(BAC(cdh5:cdh5-ts))). 24 366 hours after injection healthy embryos expressing mCherry were selected, mounted in 367 low-melting point agarose and imaged using Leica SP5 confocal microscope. 368
369
Generation of ve-cadherin mutants 370
Live imaging of zebrafish embryos 386
Embryos were anesthesized using Tricaine (MS-222, 160mg/l, #E10521 Sigma-387 Aldrich) and embedded in 0.7% low-melting point agarose (Sigma-Aldrich) 388 supplemented with Tricaine in glass-bottom dish. After the agarose solidified, it was 389 overlaid with E3-medium supplemented with Tricaine. All the imaging was performed 390 at the 28.5°C. The imaging was performed using Leica SP5 Matrix confocal 391 microscope equipped with resonance scanner using 63x NA1.2 or 40x NA1.1 water 392 immersion objectives. For imaging of JBL, the time points were 60-120 second 393 intervals and in case of double-color imaging, 12 -60 seconds. 394
For the pharmacological experiments, the treatment of embryos with inhibitors (DMSO 395 1%, Latrunculin B (150ng/ml), NSC23766 (300-900uM)) begun one hour prior to 396 embedding into low-melting point-agarose and confocal imaging. The inhibitors were 397 present throughout the whole experiment. 398
399
Generation of polyclonal rat anti-zf-VE-CAD antibodies 400
A cDNA fragment encoding a polypeptide comprising the extracellular domain of 401 zebrafish VE-cad (Ala22 to Lys464) was expressed in E. coli using the T7 expression 402 system. The protein was purified on Ni-charged IMAC resin (BioRad) under denaturing 403 conditions. Antiserum was raised in rats by ThermoFisher Scientific using standard 404 immunization procedures. PBST at room temperature, the embryos were mounted onto glass-bottom dishes using 418 low-melting point agarose. 419
Mouse anti-humanZO-1 (Thermofisher Scientific; used as in 31 , rat anti-zf-VE-cad and 420 rabbit anti-VE-cad primary antibodies were used. Rat anti-VE-cad was validated in by 421 immunofluorescence by using ve-cad null mutant (cdh5 ubs8 , Tg(kdlr:EGFP s843 )) 422 embryos 13 as control for specificity (Supplemental information, Fig S2) . Rabbit anti-423 zf-VE-cad has been described and validated earlier 31 and also validated with ve-cad 424 null mutants earlier (Sauteur et al., 2014) . Fluorescent secondary antibodies Alexa-568 425 goat anti-mouse IgG, Alexa-633 goat anti-rat IgG and Alexa-633 goat anti-rabbit IgG 426 (Thermofisher Scientific) were used. 427 428 429
Photoconversion experiment 430
24hpf zebrafish embryos (Tg(fli1a:GFF ubs3 ;UAS:mClav2-UCHD ubs27 ) were embedded 431 in 0.7% low-melting point agarose onto 35mm glass bottom dishes. Some of the tip 432 cells of vascular sprouts of intersegmental arteries were photoconverted using Leica 433 SP5 confocal microscope using 40x NA1.1 water immersion objective. 434
Photoconversion was performed using 405nm laser (20% power) until no obvious 435 increase in converted UCHD-mClav2 signal was observed (conversion time 10-30sec). 436 (150ng/ml), NSC23766 (300-900uM) or DMSO (1%) were applied 1hr before 443 mounting of embryos into 0.7% low-melting point agarose and imaging the junctions 444 for 1-2 hours using Leica Sp5 (40x NA1.1 water immersion objective). 445
446
Image analysis and preparation 447
Image analysis and measurements were performed using FIJI. Deconvolution was 448 performed using Huygens Remote Manager software 32 . Maximum Z-projections were 449 used. Noise was reduced using Gaussian filtering (radius 1.0) and background 450 subtracted (rolling ball radius 50) using FIJI. Contrast and brightness of images were 451 linearly adjusted. Kymographs were generated from the sum Z-projections of time-452 lapse series using FIJI. Perpendicular straight line across the junction was drawn and 453 kymograph generated using reslice tool. Publication figures were prepared using FIJI, 454 OMERO figure and Adobe Illustrator. 455
457
Statistical analyses 458
Statistical analyses were performed using Microsoft Excel and IBM SPSS statistics 22 459 software. Non-parametric two-sided Kruskal-Wallis H-test, non-parametric one-460 sample Wilcoxon signed rank test and binomial probability (photoconversion 461 experiments, test probability 0.5) were used. The data reasonably met the assumptions 462 of the tests. In Fig. 1E and F (Fig. 6E-G) were performed 466 essentially blinded as the genotype was determined after data capture and analysis. In 467 all other experiments blinding was not used. Samples of low technical quality were 468 excluded from the subsequent analyses. In all figures (exception Fig 2F) junction is marked by a yellow arrow, the more condensed lateral junction by a green 566 arrow. F-H) Whole-mount immunofluorescence staining of the DLAV of 28-30hpf 567 kdrl:EGFP (Tg(kdrl:EGFP s843 )) embryos using anti-ZO1 and anti-VE-cad antibodies. Bottom: The proposed oscillatory mechanism of JBL function. Actin protrusions 658 emanate distally from a stable junction. These protrusions also contain diffuse VE-659 cadherin, but not ZO-1. At the distal end of the protrusion, F-actin, ZO-1 and VE-660 cadherin become recruited and form a new junction at the front of the JBL. Eventually, 661 dynamic F-actin remodeling (or actin-myosin contractility) pulls the proximal junction 662 towards the new junction. 663 664
